Background: Maximising forest profitability is important from both economic and ecological perspectives. Managers of forest areas gain utility by optimising profits, and maximising the efficiency of a forest stand is also beneficial to the natural environment. This study presents a method to estimate and visualise forestry profitability based on variables defined in previous studies. The design space included economic and forest stand factors that can affect profitability. A contribution index analysis identified factors that significantly impact profitability, and these factors were then applied to data collected from a forest area in Japan. The effects of the two primary factors, discount rate and rotation period length, on a measure of profitability, the soil expectation value, were visualised in three-dimensional space. Methods: The site used in this study, located by Morotsuka village in the Miyazaki Prefecture, Japan. Variables previously found to have significant effects on forestry profitability were used to define a design space of variables for calculating and displaying profitability, after which data from the cited study were used to estimate the variables' SEV contribution indices. The effects of the important factors for forestry profitability were then analysed and visualised. Dimensions of the design space were constructed from previously published forestry inventory data and consisted of two stand condition factors, three site condition factors, one economic condition factor and one silvicultural planning factor. This study used previously published inventory data regarding stand age, site index and tree species. Additionally, the forestry profit simulator was used to estimate the optimal rotation period in terms of soil expectation value. The relationships between SEV and these significant factors were then graphically visualised. The significant factors identified as described above were used to estimate SEV-based profitability distributions, based on the inventory data used to construct the design space and optimal rotation periods, for the studied forest. Results: Changes in rotation period affected forestry profitability. However, the effect depended on stand, site and economic conditions. In scenarios characterised by relatively low site productivity index and harvesting area, which results in low profitability, rotation period changes did not have a strong effect on profitability. On the other hand, it was vital to select the optimal rotation period for high profitability areas as even a small deviation had a significant impact on profitability. Furthermore, it was shown that by synchronising the harvesting times of small, adjacent stands, the overall profitability increased through reductions in forest management costs.
Background
There is a very long tradition of humans managing forests to obtain timber and various other products for both personal use and sale (Westoby 1989) . Currently, there is a global consensus that sustainable forest management should be assured for the present and future. It is important that forest management is sustainable from both economic and environmental perspectives. Historically, uncontrolled logging has had detrimental effects on valued characteristics of forest environments, such as biodiversity, carbon stocks, aesthetic appeal and amenity value (Pukkala 2002) . However, timber production does not necessarily affect all of these characteristics negatively. Instead, the relationships between timber production and some valued environmental characteristics can be synergetic rather than divisive (Cademus et al. 2014) , and this synergy can exist between two or more forest products and services, such as biodiversity (Probst and Crow 1991) , bioenergy-carbon sinks (Hoel and Sletten 2016) and multiple-use management (Hornbeck and Swank 1992) . Moreover, Lu et al. (2014) provided evidence for a synergistic relationship between soil organic carbon and soil total nitrogen during timber production. On the other hand, provisioning services, which include wild-food production and timber harvesting, often cause large tradeoffs with ecosystem functions such as water quality, flood control and ecotourism potential (Marianov et al. 2004; Millennium Ecosystem Assessment Board 2005) . For example, the reduction of CO 2 emissions could be facilitated by both maintaining forests' carbon stocks and sustainably producing timber as a carbon-neutral material (IPCC 2000; IPCC 2007 ). It has also been shown that appropriate forest management, when compared to the practice of abandoning an area after planting, can result in more varied forest types with greater biodiversity and amenity value (Boyce 1995) .
Certain management practices help to maintain both economic and environmental sustainability in planted forests used for timber production. The rotation period is especially important in silvicultural management, as it determines logging intervals, and can dramatically affect stand conditions (Bettinger et al. 2009 ). For example, changes in the rotation period can alter the age distribution in a stand, potentially skewing it towards a population of younger trees. Previous studies have defined rotation periods in various terms, such as physical, technical and financial parameters, depending on the forest management objective (Bettinger et al. 2009; Hiley 1967) . Numerous studies have also shown that the physical rotation age, which is based on the life span of a tree, varies greatly between species. For example, Sequoia sempervirens (D.Don) Endl. and Alnus rubra Bong. have physical rotation values of over 1000 and less than 100 years, respectively (Harrington 1990; Olson et al. 1990 ). Another definition, the technical rotation age, is based on the size of tree a particular economic market requires.
The Faustmann formula proposes that a rotation period that maximises the soil expectation value (SEV) will result in a final cutting age that is economically sustainable (Faustmann 1968) . The Pressler formula (1860) can also be used to calculate the optimal rotation period. However, Samuelson (1976) suggested, following a discussion about the validities of the Faustmann and Pressler formula, that the Faustmann formula has better validity than other optimal rotation period formulae. The initial formula for maximising SEV has been modified to include variables that represent environmental characteristics (Hartman 1976) . Hyytiäinen et al. (2004) included the optimal rotation simulation formula into their process-based forest growth model. Formulae for the optimal rotation period were originally applied only to even-aged forests but have recently been used to calculate optimal rotation periods for uneven-aged and natural forests (Chang and Gadow 2010) . Previous studies have also investigated how economic conditions affect forest profitability; for example, Parajuli and Chang (2012) included timber price in their sensitivity analyses. On the other hand, Halbritter and Deegen (2015) investigated the relationship between silvicultural practices and rotation period by analysing how planting density influences the optimal rotation period. Ultimately, the optimal rotation period is site-specific, and the SEV depends on economic, stand and site conditions, as well as silvicultural practices used. A previous study showed that a few subjective conditions can change the SEV and optimal rotation period when forest management regimes aiming to maximise the SEV are applied (Davis et al. 2001) .
However, there have been few (if any) attempts to determine and visualise forest profitability as a solution space optimised by calculating SEV from characteristics of the local forest environment.
Although previous studies have analysed how discount rate affects SEV (Davis et al. 2001) , there have been few attempts to identify long-term forest management strategies through a multifactorial analysis. There is a need for a comprehensive analysis in Japan since the government has proposed that the target for annual timber production should increase from 23 million m 3 to approximately 50 million m 3 in the future. This is an achievable target as the average annual growth of Japan's forest resources is estimated to be 80 million m 3 (Forestry Agency 2014). Thus, it is important to analyse the various factors that affect stand profitability so that timber production can be increased without jeopardising the sustainable management of forest resources. The objective of the presented study was to simulate how stand, site and economic conditions, as well as final cutting silvicultural practices, affect SEV distribution in a Japanese forestry area characterised by high productivity, such as the Miyazaki prefecture.
The present study used a contribution analysis to determine how stand, site and economic conditions, along with silvicultural planning, affect forest profitability. The resulting variables were then used to generate a solution space displaying SEV maxima and optimal rotation periods on both forest and stand levels. Furthermore, the distribution of SEV based on rotation periods was estimated in an actual forest area. In addition to describing the methodology and presenting the results, we also provide forest management recommendations that aim to maintain economic sustainability.
Methods

Study site
The site used in this study, located by Morotsuka village in the Miyazaki Prefecture, Japan, has been studied in previous research that includes a detailed forest inventory (Nakajima et al. 2011a) .
The timber productivity of this site is amongst the highest in Japan (Miyazaki Prefecture Government 2015) . It has a warm temperate climate, with a mean annual temperature of 14°C and mean annual rainfall of 2445 mm. Forests cover about 17,785 ha in the area and planted forests about 12,541 ha (71% of the total). The study areas hosted Cryptomeria japonica (Thunb. ex L.f.) D.Don private forests with a bell-shaped tree age distribution, which is typical for Japanese planted forests of this species (Forestry Agency 2007). The C. japonica stands in the target area were mostly between 30 and 50 years old. The most frequent stand age was approximately 30 years.
In 2004, the study site was certificated by the Forest Stewardship Council (FSC). Therefore, it must not only be economically sustainable but also maintain environmental functions defined by an independent organisation (Gulbrandsen 2005) .
Data analysis
Variables previously found to have significant effects on forestry profitability (Nakajima et al. 2011a ) were used to define a design space of variables for calculating and displaying profitability (expressed as SEV), after which data from the cited study were used to estimate the variables' SEV contribution indices. The effects of the important factors for forestry profitability were then analysed and visualised as described below.
Design space modelling
Dimensions of the design space were constructed from previously published forestry inventory data (Nakajima et al. 2011a ) and consisted of two stand condition factors (site index class and stand age), three site condition factors (area, and distances from forest road and strip road; referred to as ground condition variables in the previous study), one economic condition factor (discount rate) and one silvicultural planning factor (rotation period) as shown in Table 1 . In this study, discount rate reflects the interest rate that is used to estimate the present value of future cash flows (Eatwell et al. 1987; Winton 1951) . Discount rate is a measure of the capital cost and expected yield of investments. Minimum and maximum values were set for all factors, and then, a contribution index analysis was performed to determine each factor's effect on forest profitability, by calculating profitability (SEV) at values spanning from their minima to maxima.
Contribution analysis of selected factors
This study used previously published inventory data (Nakajima et al. 2011a ) regarding stand age, site index and tree species. Additionally, the forestry profit simulator described by Nakajima et al. (2011a) was used to estimate the optimal rotation period in terms of soil expectation value. The model used the inventory data to simulate how factors such as rotation period length, site index and discount rate affect SEV.
The stem volume, timber volume and number of stems and timber logs were estimated from the local yield table with either the Construction System or the Woodmax algorithm (Nakajima et al. 2011a ). The felling, logging, bunching and skidding productivity (m 3 person −1 day −1 ) were then calculated by applying formulas described in Table 1 to the variables that had been estimated from historical harvesting records.
The average stem and timber volumes were calculated by dividing the total stem and timber volume by the number of stems and timber logs, respectively, which had been derived from the local yield table through either the construction system or the WoodMax algorithm. The distance from forest roads was obtained from forest inventory data published by the Morotsuka village government. Other variables are shown in Additional file 1: Table S1 along with the silvicultural costs, which were proposed by the forest association during interviews and based on historical records of silvicultural practices. The interviews were conducted during the 2009 winter season. Staff members from the Mimi River Forest Association and a forest owner in the study site were invited to oral interviews regarding the practical harvesting area, silvicultural costs and subsidies. The same interview pool was used in a previous study (Nakajima et al. 2011a ). The response rate of these questionnaire surveys was close to 100%.
Forest inventory data such as stand age, tree species and site index can be used as input data for the stand growth model presented in a previous study (Nakajima et al. 2011a) .
A subsidy was not directly applied as a variable in this study. A subsidy was applied as a constant as mentioned below.
The Japanese government subsidises various silvicultural practices in planted forests irrespective of the tree species, providing approximately 70% of the planting, thinning and other silvicultural costs. For this reason, these subsidies were not included as a variable in this study but rather treated as a constant with a value of 70% of silvicultural costs (Additional file 1: Table S1(b)). The reality of these subsidy systems was confirmed by checking active silvicultural areas throughout Japan and comparing the subsidies they received with the implemented silvicultural practices (Hiroshima and Nakajima 2006) . First, forestry profitability was estimated as SEV using the following two equations (Davis and Johanson 1987; Davis et al. 2001) .
where SEV 1 is the present value of the land with a stand currently at age 1, a is the net income received at rotation age (w in years) every w years starting at the end of year w and i is the discount rate (in decimals). However, the most frequent stand age in our study is approximately 30 years. Thus, the stands reflect relatively young forest, and w1 would be almost equal to w. If the optimal rotation period (w) derived from maximising SEV 1 is lower than the current stand age (t), it is impossible to carry out the optimal rotation period as the first final cutting age. Strictly speaking, the first optimal rotation period should not be lower than the current stand age. Therefore, we defined the first rotation period (w1) derived from maximising NR w1 , after which the subsequent rotation periods (w) were calculated separately. Therefore, the first optimal rotation periods were selected as rotation periods in this study.
where SEV t is the present value of a stand currently at age t, NRw 1 is the net return of the stand at age w1 and w1 − t is the number of years before the stand reaches rotation harvest age. The variables regarding forestry profitability (a and NRw 1 ) in Eqs. (1) and (2) were based on results from a previous study (Nakajima et al. 2011a ). The discount rate and rotation age (i and w 1 ) followed the ranges shown in Table 1 . The ranges of initial conditions were defined as the maxima and minima for the factors shown in Table 1. A contribution index, which treated forestry profitability as an objective function and was based solely on main effects (Gu 2002) , was also calculated:
Here, C i is the contribution index of the stand age, site index class, distance from strip road, distance from forest road, stand area, discount rate and rotation period, when i = 1 to 7, respectively; V [SEV t ] is the variance of forestry profits over the total area; and V i is the variance of SEV depending on the listed factors (i = 1-7).
To determine the effect of each factor (i = 1,…,7) on forest profitability, their contributions to its variance were calculated. The relationship between V [SEV t ] and V i was calculated using the following formula, in conjunction with the smoothing spline ANOVA method (Gu 2002) .
where SEV i, j is the SEV of factor i depending on the variable j, which represents sample id.
Visualisation of stand-level relationships between SEV and significant factors
Only factors with a calculated contribution to SEV of at least 0.1% were included in the study. All others were excluded, and the identification of significant factors ceased when the cumulative contribution of the included factors exceeded 99.7%. The relationships between SEV and these significant factors were then graphically visualised. In addition to the ANOVAs mentioned above, a multiple regression analysis (Leona et al. 1996 ) was performed to estimate how stand, site and economic conditions, as well as silvicultural planning, influence forest profitability, measured as SEV. Only these factors were included in the multiple regression analysis because they met the requirements set for the contribution index analysis.
Using these factors, the SEV was calculated as
:::a n x n where x 1 , x 2 , x 3 , x 4 …x n represent selected variables derived from the analysis mentioned above and a 0 , a 1 , a 2 , a 3 , a 4 …a n are constants. We used stepwise selection to determine the variables that would be included in the final model with a requirement that all included variables have a partial F statistic with a probability less than, or equal to, 0. 
Estimation of forest-level profitability distributions
The significant factors identified as described above were used to estimate SEV-based profitability distributions, based on the inventory data used to construct the design space and optimal rotation periods, for the studied forest.
To confirm the robustness of detected effects of increasing the harvesting area on forestry profitability, we calculated two SEV distributions depending on localscale rotation periods. The local-scale rotation periods are used as a generic term for the optimised rotation periods of the studied forest area. The total stand area was approximately 1700 ha, which was selected randomly based on a previous study (Nakajima et al. 2011a) .
In both cases, we excluded stands with a negative SEV (yen ha −1 ); the management of these stands would be unprofitable, causing forest owners to abandon them. The first SEV distribution is based on the assumption that the harvesting area is equal to the target stand area. This distribution is equal to the SEV estimated through Eq. 2. In the calculation of the second distribution, it was assumed that stands with areas less than 1 ha would be treated as if their harvesting area was 1 ha. However, Fig. 1 The three-dimensional SEV (yen) solution space defined by discount rate (%) and rotation period (year), with site index class, stand age and harvesting area set to 1, 30 years and 1 ha, respectively Nakajima et al. New Zealand Journal of Forestry Science (2017) 47:4
Page 5 of 13 the SEV value can change under certain conditions, for example, if the timber price dramatically increases. In this situation (a higher timber price), stands that initially had a negative SEV may actually have a positive SEV. In this way, it may not be rational for forest owners to exclude stands with negative SEV values because timber prices fluctuate, and future SEV values could be positive. However, it is difficult to predict the future timber price. Additionally, the timber price has not dramatically changed during recent years. Under these conditions, excluding a negative SEV may be rational for forest owners. Therefore, this study fixed the timber price based on results from a previous study (Nakajima et al. 2011a) .
Results
Key factors affecting profitability
The contribution indices of discount rate, rotation period, site index class, harvesting area and stand age to forest profitability were 0.71, 0.16, 0.7, 0.05 and 0.02, respectively. Distances from forest and strip roads did not meet the criteria for significant factors and thus were not included in the analysis. The stand age was set to 30 years for the contribution index analysis as this was the most frequent stand age within the study site. The three-dimensional visualisation presented in Fig. 1 illustrates how changes in discount rate and rotation period affect profitability when site index class, stand age and harvesting area were set to 1, 30 years and 1 ha, respectively. The figure shows the maximum SEV plotted against the discount rate and rotation period, as according to the contribution index analysis, these two factors had the largest impact on profitability. The optimal rotation period ranges from 65 years (discount rate 5%) to 80 years (discount rate 1%).
Differences in current stand condition and other factors could alter the shape of the solution space, but the effects of discount rate and rotation period on forest profitability would remain similar.
The results show not only that SEV decreases as the discount rate increases but also that the rotation period affects SEV. The three-dimensional solution space reveals a point where a specific rotation period and discount rate maximise SEV. To determine the optimal rotation period, the discount rate can be held at a constant level and the solution space can be transformed into a digital elevation model (DEM). From this, the rotation period curve can be treated as a "mountain edge" and measured with the flow accumulation algorithm in ArcGIS 10 (ESRI, Redlands, CA).
The multiple regression analysis produced the following profitability model for planted forests in Japan:
where A is the area (ha), D is the discount rate (%), R is the rotation period (year) and SI is the site index class.
The fit of the model was significant, and the p values for area (ha), discount rate (%), rotation (year) and site index class were all less than 0.01. The constants representing area and rotation period are positive, which means that SEV increases when the rotation period and/ or the harvested area increase. On the other hand, the constants representing discount rate and site index class are negative, which means that SEV decreases when the discount rate and/or the site index class increase. This multiple regression analysis identifies the significant factors that affect profitability and presents a statistic model that can simplify the calculation of forest profitability at other planted forests in Japan.
Contour maps in digital elevation models illustrate the relationship between optimal rotation period and discount rate in various scenarios.
This method for determining the optimal rotation period was then applied to scenarios with the minimum harvesting area set to 1, 1.5 or 3 ha and site index class set to 1, 2 or 3. In the nine resulting possibilities, the optimal rotation period was charted via the mountain edge method over the solution space, as shown in Fig. 2 . It was noted that an increase in harvesting area leads to an increase in the SEV and a decrease in the optimal rotation period.
The SEV ranges from approximately −9.45 million to 46.11 million, −17.40 million to 29.40 million and −26.30 million to 20.70 million yen ha −1 for site indices of 1, 2 and 3, respectively (Fig. 2) . Hence, the range of SEV widens as the site index and harvesting area increase. Furthermore, the SEV range shifts when the discount rate changes. For example, the SEV ranges for site index classes 1, 2 and 3 are approximately 1.04 million to 4.61 million, 0.26 million to 1.64 million and 0.14 million to 1.28 million yen ha −1 , respectively, when the discount rate is between 1 and 2%, but approximately 47,853 million to 2.37 million, −23,000 million to 1.24 million and −1.63 million to 1.01 million yen ha −1 , respectively, when the discount rate is between 2 and 5%.
Effects of optimal rotation period on SEV distributions
The dependence of SEV on optimal rotation periods (under the two assumptions mentioned above) is illustrated in Fig. 3 .
The total SEV of the distributions under the first assumption (that stands with negative SEV would be excluded) at discount rates of 1, 3 and 5% are approximately 2.14, 6.46 and 3.92 trillion yen, respectively, 50% of which falls within the age ranges of 30-44, 30-44 and 30-64 years, respectively (Fig. 3a-c) . Profitability was generally highest with relatively short rotation periods. The total annually harvested areas, under the first assumption, at discount rates of 1, 3 and 5% were approximately 952, 731 and 722 ha, respectively (Fig. 3a-c) . The average rotation periods under these discount rates were 70, 59 and 54 years, respectively.
In the SEV distributions obtained with the second assumption, the annually harvested areas at discount rates of 1, 3 and 5% were 1774, 1733 and 1025 ha, respectively (Fig. 3d-f ) . The average rotation periods in these cases, at the same discount rates, were 80, 70 and 60 years, respectively. These distributions were based on the assumption that stands with areas ≤1 ha would be treated as 1-ha stands during harvesting. This was due to the results of a questionnaire survey, which demonstrated that the minimal viable harvesting area was 1 ha. As the average stand area was approximately 0.5 ha, this assumption was intended to determine how profitability would increase if multiple adjacent small stands were harvested simultaneously in order to lower costs. For example, two 0.5-ha stands could be harvested at the same time, effectively creating a harvesting area of 1 ha. This simulation showed that simultaneous harvesting of small plots could raise profitability by 186, 242 and 138% at discount rates of 1, 3 and 5%, respectively.
Discussion
It was important to select only factors for the study that had significant effects on forest profitability, defined as having an effect of at least 0.1%. The Fig. 2 The SEV (yen) solution spaces for nine scenarios with indicated harvesting areas, rotation periods and discount rate with site index classes 1 (top row), 2 (middle row) and 3 (bottom row). The stand age was set to 30 years for each scenario contribution index analysis showed that the key factors affecting forestry profitability, in decreasing order, were discount rate, rotation period, site index, harvesting area and stand age. The discount rate and rotation period determined approximately 90% of the total profitability. However, a stratification analysis suggested that effects of these two variables could noticeably change with changes to various stand and site factors. Discount rate has been previously shown to significantly affect profitability estimates (Davis et al. 2001; Richard and Puneet 2015) , so we expected it to be one of the main factors in our study. Rotation periods determine the harvest intervals for a given stand, so variations in these periods will also affect the profitability of a forest area (Gunalay and Kula 2012) . Site index is a measure of the productivity of a stand and thus is likely to reflect harvesting frequency. Increasing the harvesting area can also improve profitability due to the fixed costs of harvesting timber, such as labour and machinery.
When the various small stands are harvested separately, moving the harvesting machines between each site will be associated with certain costs and inefficiency. These costs can be reduced, and the harvesting Rotation (year) Rotation (year) Fig. 3 SEV distributions, in hectares, at indicated optimal rotation periods and discount rates, assuming that stands with negative SEV would be excluded (a-c) and that stands smaller than 1 ha would be treated like 1-ha harvesting stands (d-f). Increases in SEV are shown by increasingly dark areas within the bars, as shown in the keys efficiency could improve if these small stands are aggregated into a large harvesting area. The distribution of costs over a large area rather than individual small stands could boost profitability. Stand age had the smallest effect of the five significant factors, but this variable can influence profitability due to the increase in timber volume as stand age increases. Distances from forest and strip roads did not meet the criteria for inclusion as significant factors, although they influence accessibility of harvesting areas and hence harvesting costs.
An increase in stand area also increased the effects of rotation period, as shown in Fig. 2 . The figure illustrates that the optimal rotation period decreases as stand area increases under certain conditions (i.e. Table 1 , Additional file 1: Table S1 ) defined in this study. Although it is relatively difficult to get large amounts of high-quality timber (i.e. the large diameter timber) under shorter rotation periods, the large diameter timber does not have a significant price premium in the target timber market. If we considered the timber market for specific traditional buildings, such as shrines and temples, then the optimal rotation period and silvicultural system would most probably shift. This is consistent with expectations, as a larger stand area provides greater timber volume per harvesting operation because it can be harvested more efficiently per hectare than a small area, and the rotation period can be reduced while maintaining profitability.
Thus, as shown in the simulations in Fig. 3 , small stand areas could be harvested simultaneously to increase profitability in situations where average stand area at the site is smaller than the minimal viable harvesting area (Nakajima et al. 2011b) . The relationship between site index and optimal rotation period is also shown in Fig. 2 . This result was expected since site index is a key determinant of tree growth rate and usually measured in terms of growth.
The SEV is more sensitive to changes in the discount rate when the discount rate is low (1-2%) than when it is high (2-5%), as shown in Figs. 1 and 2 . Interestingly, the SEV is more sensitive to changes in rotation period when the discount rate is higher. The optimal rotation period increased when the discount rate increased from 3 to 5% (Fig. 3) . Furthermore, Fig. 2 illustrates that optimal rotation period decreases as the harvesting area increases. Thus, the best rotation period for profitability depends on various economic and stand conditions, and a shorter rotation period is not ideal for all situations.
The discount rate is determined by a country's economic conditions. If we regard forestry as a competitive industry, a discount rate of more than 4% may be appropriate. However, the SEV of certain stands was negative at discount rates under 5%. Hence, there are currently a limited number of profitable stands at the study site, even though it is located in one of the most productive areas for the Japanese forestry industry. In this way, the profitability of an average Japanese forestry area would be even lower than what was estimated in this study. However, as expected, when the discount rate decreased to 3%, and to 1%, the number of stands with a positive SEV increased.
It is not straightforward to solely consider the effects of discount rates for the management of natural resources, as there may be strong ecological, ethical and political pressures to conserve the resources (Heal 2000) . However, a discount rate of 1% is very low for a competitive industry, such as forestry (if the complicating aspects are neglected). In this context, stands that have a negative SEV at a discount rate of 5% should not be considered as profitable forestry areas. However, large Japanese timber mills require immense amounts of harvested timber for processing to remain profitable. Failure to provide enough raw material to meet these mills' operational demands would severely impair Japanese forestry and associated businesses. Therefore, if the mills are highly profitable, it may be worthwhile, from an economic perspective, to harvest forest stands with slightly negative SEV (via appropriate redistribution of profits) to maintain forestry product supply chains. Another complicating factor is that according to current national forest management plans, more than 30% of the total clear-cut area in Japan should no longer be maintained as planted forests (Forestry Agency 2014) but regenerated as natural stands, such as mixed hardwood forests. However, such stands should also be predominantly in areas with low profitability (and hence strongly negative SEV and poor fertility).
The densities of the contours in Fig. 2 illustrate the stability of SEV over varying rotation periods and discount rates. A higher density represents lower SEV stability. For example, the SEV is unstable between discount rates of 1 to 2%, as small changes in discount rate strongly affect profitability, but changes in the discount rate above 2% have weaker effects on SEV. This pattern has been noted in previous studies (Bettinger et al. 2009; Chladná 2007; Davis et al. 2001) . The density of contours increases as harvesting area and/or site index increases, as shown in Fig. 2 . This suggests that the selection of an optimal rotation period is more important in large areas with high productivity than in small stands (unless numerous small stands can be harvested simultaneously, or they can be harvested simultaneously with large stands).
In addition to these solution spaces, the multiple regression analysis provides further evidence for how the factors included in this study influence SEV. Generally, a larger harvesting area translates into better harvesting efficiency. In this way, it would be reasonable that as harvesting area increases, SEV improves, as was shown in our analyses. Furthermore, previous studies have shown that a higher discount rate and/or site index will decrease both the SEV and net present value of a stand (Davis et al. 2001; Nakajima et al. 2011b ). The results of our analyses are consistent with previous studies (Bettinger et al. 2009; Davis et al. 2001) and demonstrate that the rotation period length, as well as stand, site and socioeconomic conditions, all have the expected effects on SEV.
Over the last 35 years, the price of timber has decreased, which has reduced forestry profitability and subsequently caused almost all of Japan's forest owners to become dependent on government subsidies. Previous studies have indicated that the intensity of silvicultural practices in an area, including planting, weeding, pruning, pre-commercial thinning and thinning, strongly correlates with the amount of national subsidy available (Hiroshima and Nakajima 2006) . Based on previous research and the current forestry situation in Japan, subsidies could be considered as another variable to represent a socioeconomic condition in the calculation of forestry profitability (Nakajima et al. 2011a) .
In relation to the categories of factors that affect forestry profitability defined in this study (Table 1) , previous studies have considered the stumpage price (Penttinen 2006) and planting density as an economic condition and silvicultural system, respectively. Planting density is also strongly related to future stand conditions. These variables based on the additional data collection could be included in the presented model to determine how they affect forestry profitability. Furthermore, as the simulation system proposed in this study has also been applied to Japanese carbon emission reduction systems (Nakajima et al. 2011c) , it could be used to estimate how the carbon price would affect rotation periods. A previous study (Coordes 2014) has shown that this kind of rotation analysis could be applied to adaptive forest management under various uncertainties. Because forest-level adaptive management is related to the aggregation of stand-level simulations within the target forest area, it would be possible to apply these results to adaptive forest management by combining the presented stand-level and forest-level analyses to a selected Japanese forest area.
Various studies have shown how forest profitability is dependent on the discount rate and numerous other variables, such as the carbon tax rate (Chladná 2007) . This study employed a solution space to visualise the effects of various factors on forest profitability, measured through SEV. When the results are compared with previous studies (Loisel 2014; Price 2011) , our study provides additional information, such as the stability of forest profitability, which is shown by the density of contour lines in the solution spaces (Fig. 2) . This stability can provide additional information for forest managers and owners, helping them determine the optimal rotation period.
The multiple regression model used here includes harvesting with a logging vehicle based on relatively high road density. Therefore, the regression analysis should be recalculated if estimates of forest profitability under other harvesting systems, such as skyline harvesting, are desired. However, this result suggested that forest profitability can be expressed through simplified regression models. In this way, the presented regression model has an advantage in that it can estimate forest profitability through simple calculations. Additionally, the Japanese government hopes to increase road construction to encourage harvesting with logging vehicles in the future (Forestry Agency 2014). Therefore, the regression analysis applied in this study, which is based on harvesting with logging vehicles, is logical for estimating forest profitability in Japan.
Certain factors, such as site index, are highly insensitive to the influence of human activity. The application of appropriate fertilisers could increase the productivity of a site, but this practice is not popular in Japanese silviculture, so factors based on natural resources should remain constant. Other site condition factors, such as the harvesting area and rotation period, can be optimised quite easily. The modification of these factors does not raise costs, so it would be easy to increase profitability through, for instance, the synchronisation of harvest times and other silvicultural operations.
Modifications to harvesting area and rotation age are based on the decision-making of forest owners and a harvesting operational schedule, so the modification of these factors does not raise tangible costs, such as additional harvesting equipment expenses or labour costs.
If the total harvesting area in a local forestry area dramatically increases, then supply and demand effects, such as hiring a forestry crew, will increase during periods of high demand. However, even if the total harvesting area remains the same, the synchronisation of harvest times and other silvicultural operations that results from aggregating small stands into a larger area would increase harvesting effectiveness (Hansmann et al. 2016; Kittredge 2005 ).
Although we did not consider the possibility that the intangible costs (i.e. time spent negotiating the synchronisation of harvest times and other silvicultural operations amongst owners of small stands (Kittredge 2005) ) might increase, it would be in the best interest of all forest owners to synchronise harvest times and silvicultural operations by aggregating small stands.
On the other hand, factors such as the establishment of forest roads incur initial physical costs, so changes to these types of factors are not ideal from an economic viewpoint. The most feasible strategy would be to increase the harvesting area with the consensus of forest owners.
The optimal rotation period may have to be recalculated when the harvest times of adjacent stands are synchronised. However, the rotation period should be based on the areas with the highest profitability, as changes in the rotation period of these areas can strongly affect overall SEV, and results of the local forest management analysis confirmed the importance of minimising changes to rotation periods in high profitability stands when the rotation period is optimised. The Japanese government has plans to increase forest road density and encourages the simultaneous harvesting of adjacent stands, as well as certain stands that are connected by a forest road (Forestry Agency 2014). Furthermore, according to the forest association interviews, the simultaneous harvesting of adjacent stands, even if they are owned by various private foresters, would be possible in the studied forest area.
An increase in the number of stands harvested per harvesting operation, as suggested, would increase the areas in which the SEV exceeds 0, and abandoned stands would be subject to active silvicultural management. Abandoned stands usually have high densities, large dead wood contents and poor conditions for sustainable forestry (Nakajima et al. 2011d ). Thus, the simultaneous harvesting approach described above could increase the profitable stand area by increasing the area of actively managed stands.
The importance of increasing the total harvesting area by increasing the harvest of stands smaller than 1 ha (following assumption 2) was confirmed through an analysis of how local-scale variations affect rotation period, as illustrated in Fig. 3 . Both efficiency and profitability would increase if groups of small adjacent stands were harvested simultaneously. The figure also shows that the rotation period increases when the discount rate rises, due to future returns becoming more attractive.
The national government has suggested that the final cutting area should be expanded to increase national timber production. It is possible that profitable stands could be harvested on a priority basis, as profitable stands typically have shorter rotation optimal periods than less profitable stands. It has also been suggested that the harvested stands should be replanted, with a management objective of maintaining stand and site conditions that most affect forest profitability.
Other studies have analysed uncertainties by including risk variables, such as biomass resources and fire hazards, in the calculations (Shettles et al. 2015 ; North Carolina Use-Value Advisory Board 2012). Spatial uncertainty in a large forest area has also been addressed (Wei and Murray 2015) .
This study provides a starting point for the further analysis of uncertainties related to various factors in forest management. For example, one of the main risks in forest management in Japan is wind. By combining techniques presented in this study and previous research, it would be possible to estimate, and predict, the uncertainty of forestry profitability in Japan associated with wind and other risk factors.
Conclusions
This study presents a method to estimate and visualise forestry profitability based on variables defined in previous studies. Dimensions of the design space were constructed from previously published forestry inventory data and consisted of two stand condition factors, three site condition factors, one economic condition factor and one silvicultural planning factor. This study used previously published inventory data regarding stand age, site index and tree species. Additionally, the forestry profit simulator was used to estimate the optimal rotation period in terms of soil expectation value. The relationships between SEV and these significant factors were then graphically visualised. The significant factors identified as described above were used to estimate SEV-based profitability distributions, based on the inventory data used to construct the design space and optimal rotation periods, for the studied forest.
The design space included economic and forest stand factors that can affect profitability. A contribution index analysis identified factors that significantly impact profitability, and these factors were then applied to data collected from a forest area in Japan. The effects of the two primary factors, discount rate and rotation period length, on a measure of profitability, the soil expectation value, were visualised in three-dimensional space.
Changes in rotation period affected forestry profitability. However, the effect depended on stand, site and economic conditions. In scenarios characterised by relatively low site productivity index and harvesting area, which results in low profitability, rotation period changes did not have a strong effect on profitability. On the other hand, it was vital to select the optimal rotation period for high profitability areas as even a small deviation had a significant impact on profitability. Furthermore, it was shown that by synchronising the harvesting times of small, adjacent stands, the overall profitability increased through reductions in forest management costs.
These results can help local forest management increase profitability through cooperation with individual forest owners. The presented method also has risk management applications, as it could be used to estimate the effects of external uncertainty variables on forest profitability.
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